A parallel method for the fabrication of metal contacts on single-walled carbon nanotube (SWNT) arrays was presented and the electrical contact property was evaluated by a SWNT-field effect transistor structure. Copper and gold contacts were fabricated on both semiconducting SWNTs and metallic SWNTs by using a maskless electrodeposition process. The SWNT array remained a p-type semiconductor after the electrodeposition. The contact resistance between SWNT array and microelectrodes was reduced more than 50% by the established copper contacts. The source-drain current of the carbon nanotube field-effect transistor (CNT-FET) structure can be further increased from 7.9 μA to 9.2 μA when the copper contacts were replaced by gold ones, which is probably due to the better contact property to SWNT of gold contacts with fine grain size.
Introduction
Since their discovery, single-walled carbon nanotubes (SWNTs) have been proposed as nanoscale building blocks for electronic, optoelectronic and sensing systems [1] [2] [3] [4] . It is necessary to establish reliable electrical and/or mechanical contacts to the SWNTs for their integration in those systems. This has a space is needed, in the majority of the reported studies, by focused ion beam (FIB) or electron beam lithography (EBL). However, the sequential nature of FIB and EBL processes makes them time-consuming techniques and limits their application to the establishment of a small number of contacts. Other methods such as electron beam exposure [5] and adhesive [6] were also proposed, but they are still serial processes. Therefore, it is necessary to develop a parallel technique which can be used for the fabrication of large-scale SWNT-metal contact arrays for future applications. Zhang et al. reported a method to fabricate all-around contacts on SWMT by standard photolithography [7] . Contact improvement by the all-around contacts was found. However, potential contamination to SWNTs by the photoresist could lower the sensitivity of the SWNTs, especially when used as chemical or bio-sensors. Chen et al. proposed a method to bonding carbon nanotubes (CNTs) on metal electrodes by ultrasonic welding [8] . Long-term stable Ohmic contact between CNT and electrodes was achieved.
Recently, some efforts were made on fabricating metal contacts on CNTs by the electrodeposition method [9, 10] . The problem lies in the fact that metals tend to grow not only on the microelectrdes contacting to CNTs, but also on the side wall of CNTs, which deteriorates the performance of the device. Actually, most reported work about electrodepositing metals on SWNTs result in metal nanoparticles or nanowires on the SWNT surface, especially for metallic single-walled carbon nanotubes (mSWNTs) and multi-walled carbon nanotubes [11, 12] .
Previously, we have reported a parallel approach to fabricate copper contacts to single ZnO nanowire and SWNT using a selective electrodeposition process [13, 14] . Effective contacts can be established by using a plating bath with low covering power at low electroplating potential. In the present work, both copper and gold contacts to SWNT arrays were fabricated using this maskless electrodeposition process, and their contact properties were evaluated using a field-effect transistor (FET) structure with SWNTs as the charge carrier channels. The effects of the microstructure of the deposited metal films and the deposition potential on the contact properties were also investigated.
Experimental
Si wafers covered with 500-nm thermally oxidized SiO 2 were used as the substrates in this study. Paired comb-like Cr/Pt electrode patterns were lithographically defined on the SiO 2 layer. Well separated, long individual SWNTs with a controlled orientation were grown crossing the electrodes by catalytic chemical vapor decomposition (CVD) of ethanol, forming a FET structure [15] .
Organic iodine Au ethanol solution (0.18 M KI, 0.12 M I 2 , 0.02 M Au) and copper nitrate solution (1.5 M Cu(NO 3 ) 2 , 0.001 M Cl − , 1.7 μM PEG6000, PH≈3) were used to deposit gold and copper contacts on the SWNT arrays, respectively. Both solutions work at room temperature. The deposition setup is depicted in Fig. 1 . Two Pt contact electrodes were connected together to serve as the working electrode. A Pt wire with a diameter of 0.2 mm was used as a counter electrode during the fabrication of gold and copper contacts. To ensure the establishment of effective contacts, the deposition potentials were kept below 0.4 V and 0. for gold and copper deposition, respectively. Potentials of 0.5-0.8 V were also used for gold deposition in order to estimate the effect of deposition potential on the localization of deposited gold. After deposition, the samples were rinsed with a copious amount of ethanol and deionized water and dried in a nitrogen stream. The post electrodeposited SWNT/electrode structures were analyzed using both field emission scanning electron microscope (FE-SEM) and atomic force microscopy (AFM). FE-SEM images were taken using a Sirion200 FE-SEM instrument. AFM images were acquired in tapping mode using an NT-MDT AFM instrument.
To evaluate the properties of electrodeposited contacts, a picoammeter (Keithley 6487) was used to measure the electrical properties of the SWNT-FET structures before and after metal deposition. [16] . This is proved by the measurement of electrical properties of the SWNT-FET structure before electrodeposition. Figure 3(a) shows the source-drain current I DS versus gate bias V G for the SWNT array using a p-doped Si substrate as backgate. The decrease of I DS with increasing V G is consistent with the presence of semiconducting single-walled carbon nanotubes (sS-WNTs), which are usually found to be 'p-type' doped [2] . The large source-drain leakage current (more than 2.7 μA at V DS = 0.5 V) indicates the existence of mSWNTs whose resistivity is almost independent with gate bias.
Results and discussion
After electrodeposition at a potential of 0.4 V in Au plating solution, the SWNTs were embedded in gold only on the prepatterned electrodes without the need of a mask to insulate the SWNTs between the electrodes, as shown in Fig. 2(b) . The cleanliness of the CNT surface was further examined by AFM. Since the CNT surfaces have low coordination and interfacial energy, the nucleation of atoms on them tends to form atom clusters rather than a continuous monolayer [17] . As shown in Fig. 2(c) , no particles were observed along the whole SWNTs, and the diameters of the post-deposited SWNTs were measured to be 1.2-1.8 nm which are the typical value of individual SWNTs in our samples [18] . Therefore, we consider the surface of SWNTs between the electrodes, including both sSWNTs and mSWNTs, is clean of gold. Copper contacts can also be realized on the SWNT array by using copper nitrate solution and controlling the deposition potential below 0.2 V.
The charge transport measurements of the carbon nanotube field-effect transistor (CNT-FET) after electrodeposition were also shown in Fig. 3(a) . After metal deposition, the SWNT array remained a p-type semiconductor. The on-current of the FET, which is I DS at negative V G , increased from 4.5 μA to 7.9 μA at V G = −10 V when using copper contacts. As gold contacts were applied, the on-current can be further improved to 9.2 μA, indicating the overall electrical resistance of the devices was reduced by the metal electrodeposition process. Figure 3(b) shows that the contact resistance of the device was reduced from 118 kΩ to 64 kΩ and 56 kΩ by copper and gold deposition, respectively.
The better performance of gold contacts can be explained by the different microstructures of the electrodeposited gold and copper films. As shown in Fig. 4 , the grain size of the deposited copper film is much larger than that of the gold film. Since the diameter of the SWNT is only 1-2 nm, metal film with a fine grain size could show better contact performance than that with coarse microstructures. The effect of microstructure of the deposited layer on their contact properties will be our future work.
The electroplating potential plays a very important role in controlling the localization of the electrode posited metal. As shown in Fig. 5(a) , gold nanoparticles were observed on the side wall of SWNTs close to the electrodes when higher electroplating potential of 0.5 V was applied during gold electrodeposition. The amount of gold nanoparticles deposited on SWNTs increased when the depositing potential increased to 0.6 V ( Fig. 5(b) ), and gold covered the entire SWNT surfaces at the potential of 0.8 V, forming gold nanowires along the SWNTs (Fig. 5(c), (d) ). 
Conclusion
In summary, gold and copper contacts were fabricated on SWNT arrays by a maskless electrodeposition process. The contact fabrication method is applicable to both sSWNTs and mSWNTs, that is, a metal deposition region can be confined to the prepatterned electrodes, while leaving the section of all the SWNTs between the electrodes clean. Successfully deposited metal contacts under low potential can significantly decrease the SWNT-electrode contact resistance. The SWNT array remained a p-type semiconductor after electrodeposition. Gold contacts with a finer microstructure show better contact property than copper contacts. We believe, based on its parallel nature, our method has the potential in large-scale production of SWNT devices.
